A fast and correct identification of ignitable liquid residues in fire debris investigation is of high importance in forensic research. Advanced fast analytical methods combined with chemometric tools are usually applied for these purposes. In the present study, the Headspace Gas Chromatography-Ion Mobility Spectrometry (HS-GC-IMS) combined with chemometrics is proposed as a promising technique for the identification of ignitable liquid residues in fire debris samples. Fire debris samples were created in the laboratory, according to the Destructive Distillation Method for Burning that is provided by the Bureau of Forensic Fire and Explosives. Four different substrates (pine wood, cork, paper, and cotton sheet) and four ignitable liquids of dissimilar composition (gasoline, diesel, ethanol, and paraffin) were used to create the fire debris. The Total Ion Current (TIC) Chromatogram combined with different chemometric tools (hierarchical cluster analysis and linear discriminant analysis) allowed for a full discrimination between samples that were burned with and without ignitable liquids. Additionally, a good identification (95% correct discrimination) for the specific ignitable liquid residues in the samples was achieved. Based on these results, the chromatographic data from HS-GC-IMS have been demonstrated to be very useful for the identification and discrimination of ignitable liquids residues. The main advantages of this approach vs. traditional methodology are that no sample manipulation or solvent is required; it is also faster, cheaper, and easy to use for routine analyses.
Introduction
The identification of ignitable liquids (ILs) commonly used as accelerant by arsonists is a hard task for forensic analysts. Most of the ILs that are used as accelerants are petroleum-based products. So, the fast and continues development of petroleum industry and materials results in an increase of new liquids and new interference matrix that challenge even more the proper identification of the IL in fire debris analyses.
In addition, fire debris analysis is complicated due to many other reasons: the destructive nature of the fire, the high temperatures reached at the scene that usually evaporate almost all of the liquids, the use of foams and water by the firefighters [1, 2] , or the degradation phenomena, such as weathering or biodegradation that the samples can suffer after the fire [3] [4] [5] .
For those reasons, it is necessary to keep investigating new reliable and rapid analytical methods that allow for the detection and identification of the IL [6, 7] . A fast and proper identification of the IL allows for making decisions about the legal responsibilities of the incident [8, 9] . Most of the researches about the identification and discrimination of both neat IL and ignitable liquid residues (ILRs) in fire debris that are described in the bibliography are based on gas chromatography-mass spectroscopy (GC-MS) [10, 11] . Indeed, the American Society for Testing and Materials (ASTM) standard provides guidelines for the analysis of ILs from fire debris based on GC-MS [12] [13] [14] . The ASTM also provides a classification scheme in which the ILRs are classified into 8 major classes of IL: gasoline, petroleum distillates, isoparaffinic products, aromatic products, naphthenic-paraffinic products, normal alkane products, oxygenated solvents, and miscellaneous category [15] . Some databases, in particular, the Ignitable Liquids Database and Reference Collection (ILRC) created and maintained by the National Center for Forensic Science (NCFS) in collaboration with the Scientific Working Group for Fire and Explosions (SWGFEX), are available to assist fire debris analysts with the identification of ILRs form fire debris by following the ASTM E1618 [15] (https://ilrc.ucf.edu/). The classification of each IL is based on visual pattern recognition of the total ion chromatograms (TICs), extracted ion profiling (EIPs), and target compound analysis [12, 16, 17] .
So far, because ILRs are located fire debris solid samples, a first extraction method is usually required for a preconcentration of the samples before GC analysis. Different methods have been used with the purpose of separating the ILR from fire debris by passive headspace with different adsorbents, such as solid phase microextraction (SPME) fiber [14] , Tenax [18] , or activated carbon strips (ACS) [13] . Although these procedures work well, they still present some disadvantages, like the long adsorption times and the use of a solvent for desorbing the ACS, or the high price, the lowest robustness of the fibers as well as the lifetime of them in the case of SPME.
Regardless the preconcetration method, the analysis is done by GC-MS, and then, the interpretation of the results is based on the ASTM 1618 standard with the aim of classifying the ILR into one of the ASTM classes. The interpretation of the results is still a challenge for the analyst, since the approach is not only time consuming and complicated due to the interference matrix, moreover, it is highly related to the experience of the analyst running the analysis [19] . For this reason, in the last decade new alternatives or complementary approaches have been studied. The use of chemometric tools, in particular, pattern recognition techniques in order to obtain useful information of the total data matrix has been increased in the last years. The most commonly chemometric tools that are used are principal component analysis (PCA), cluster analysis (CA), discriminant analysis (DA), qualitative data analysis (QDA), or soft independent modelling by class analogy (SIMCA) [4, 8, 20, 21] .
The electronic nose (eNose) based on headspace concentration with mass spectrometry (HS-MS eNose) in combination with pattern recognition techniques has been successfully applied for direct analyses of ILR in fire debris samples in order to provide fast and almost fully automated results [6, 7] . Headspace Gas Chromatography-Ion Mobility Spectrometry (HS-GC-IMS) uses the same sample preparation step than the eNose, i.e., headspace generation, and then, a gas sample is directly injected into the system. HS-GC-IMS is a novel technique with numerous advantages [22] , as a high sensitivity (ppb range), fast analysis (a few minutes), option for portable devices, and no residues are generated. Due to these advantages, HS-GC-IMS has been applied in different fields as the oil industry [23, 24] , agrifood research [25] [26] [27] , biomedical investigations [28, 29] , and in other forensic fields [30] [31] [32] . Nevertheless, it has not been previously applied for fire debris analyses.
The aim of the present work is to study the capacity of the HS-GC-IMS in combination with chemometrics tools (cluster analysis and discriminant analysis) for the determination and discrimination of different ILR in fire debris.
Materials and Methods

Samples
Four different substrates were chosen for this study (pinewood, cork, paper, and cotton sheet). All of the substrates were burned alone (without using any IL as accelerant) and then with each of the four ignitable liquids chosen for this study (gasoline, diesel, paraffin, and ethanol). Substrates and ILs were all purchased in local Spanish stores.
Fire debris samples were generated in the laboratory following Destructive Distillation Method for Burning provided by the Bureau of Forensic Fire and Explosives [17] , inside of a laboratory hood with strict control of temperature (25 • C). For that, 5 cm × 5 cm pieces of substrates were placed on the bottom of one-quart paint cans and 500 µL of the corresponding ignitable liquid were added to the support. Cans were covered with a lid that contained nine 1 mm diameter holes.
Heat was applied to the bottom of the can with a flame from a propane torch held at a distance of 4 cm from the bottom. When smoke appeared, it was considered that the fire "starts" and samples were allowed to burn for two additional minutes. After this time, cans were allowed to cool down to room temperature and the perforated lids were replaced with an intact lid in order to avoid losing volatile compounds from the headspace.
Once the cans were cool, fire debris residues were extracted and placed into 10 mL vials (Agilent Crosslab) to their posterior analysis by HS-GC-IMS.
All of the experiments were carried out by duplicate and from each experiment; two pieces were obtained from different places of the can in order to guarantee no influence of the position of the support respect to the flame. A total of four burned samples were generated under the same conditions. So, a total of 80 fire debris samples were created.
HS-GC-IMS Analysis Acquisition
The 80 fire debris samples were analyzed by Headspace-Gas Chromatography-Ion Mobility Spectrometry FlavourSpec (G.A.S., Dortmund, Germany). No pretreatment was carried out for fire debris samples. Vials with fire debris were directly placed in the autosampler oven to be heated and agitated in order to generate headspace. Conditions for the creation of headspace were 75 • C of incubation temperature for 20 min with agitation. A total of 200 µL of headspace were injected with a splitless method of 500 µL/s while using a gas syringe at 80 • C, heated up to 5 • C more than sampling temperature in order to avoid condensation phenomena. Between each sample injection, gas syringe was flushed with carried gas for five minutes to avoid cross-contamination. Conditions of analysis inside of HS-GC-IMS were as follows: column temperature of 40 • C and IMS temperature of 45 • C. The drift gas flow was maintained at 150 mL/min during the whole analyses. The initial carrier gas program started with a flow of 2 mL/min for a minute, followed by a ramp carrier gas program of 5 mL/min held for 4 min and then a flow of 150 mL/min, which was held for the final 10 min of the analysis. Gas chromatography column was multicapillary MCC OV-5 (G.A.S., Dortmund, Germany). Drift gas and carrier gas selected were nitrogen with a purity of 99.999%, with a nitrogen generator (G.A.S., Dortmund, Germany). The ionization method used was by 3 H Tritium beta radiation. Figure S1 . In this case, two-dimensional chromatograms were obtained for each sample (intensity vs. retention time). They included information from 4286 retention time points from 0 to 899.85 s, recording a data from each 0.21 s. Total signal from the IMS system was used, meaning that no spectrometry information was used but the sum of signals as any drift time in the ion mobility spectrometer. Each chromatogram was normalized by assigning one unit to the maximum intensity. Information from the total ion current (TIC) chromatographic were arranged in data matrixes named D m × n where m is the number of fire debris samples and n is the number of retention times.
Data Analysis
HS-GC-IMS implies a 2-dimensional separation of chemical compounds (retention time vs. drif time) as shown in
TIC chromatographic data were analyzed by chemometric tools. In particular, hierarchical cluster analysis (HCA) and linear discriminant analysis (LDA), while using the statistical computer package SPSS 22.0 (SPSS Inc., Armonk, NY, USA) were performed.
Results and Discussion
Data from the total ion current (TIC) chromatograms were treated while using chemometric tools. No clear chromatographic peaks were obtained since very fast chromatographic analyses were run and the total signal from the IMS was used for this study. Therefore, chemometric tools were mandatory to extract the useful information from the TIC chromatograms. A hierarchical cluster analysis (HCA) using the whole data matrix (D 80 × 4286 ) was carried out. HCA is a non-supervised chemometric tool, and the purpose pursued was to search whether the differences detected in the TIC chromatograms were enough to detect and discriminate ILRs from fire debris samples. Ward's method and Squared Euclidian distance were used during the HCA. Results from these analyses were represented by a dendrogram displayed in Figure 1 .
Data from the total ion current (TIC) chromatograms were treated while using chemometric tools. No clear chromatographic peaks were obtained since very fast chromatographic analyses were run and the total signal from the IMS was used for this study. Therefore, chemometric tools were mandatory to extract the useful information from the TIC chromatograms. A hierarchical cluster analysis (HCA) using the whole data matrix (D80 × 4286) was carried out. HCA is a non-supervised chemometric tool, and the purpose pursued was to search whether the differences detected in the TIC chromatograms were enough to detect and discriminate ILRs from fire debris samples. Ward's method and Squared Euclidian distance were used during the HCA. Results from these analyses were represented by a dendrogram displayed in Figure 1 . Most of the supports burned without any IL (12 of 16 in total) are clustered together, as well as samples that were burned with ethanol (14 from 16). However, samples that were burned with diesel and paraffin are grouped in the same clusters. Diesel and paraffin are both heavy petroleum distillates so they have similar chemical composition, therefore they should provide similar related compounds to the ILR. Samples burned with gasoline are divided in two different clusters. These two groups of samples burned with gasoline as well as some of the misclassified samples seem to be related to the type of substrate used for burning and not to the IL used since all the cork and wood samples are clustered together regardless the IL. Although a full separation of the samples was not obtained, the results from this non-supervised technique suggest that the TIC chromatograms could be used to detect ILRs in fire debris or even to identify the ILRs.
Next, supervised pattern recognition tools to determine whether data from TIC chromatograms allow for the discrimination between samples was performed. For this purpose, a linear discriminant analysis (LDA) was carried out. A smoothing treatment for data was carried out and average of each ten columns was obtained by reducing the number of retention times to 428. Two classes were established a priori, i.e., samples burned using ILs and samples burned without ILs.
During the LDA, 60% of the samples were randomly chosen as a calibration set and the remaining 40% of the samples were used to validate the model. Stepwise method for the LDA was applied. A full classification between the two groups of samples was achieved (100%), first during the model development process, and later during the validation step. The score plot with all of the samples is represented in Figure 2 . Samples that were used to calibrate the model were represented in blue in the case of the substrates burned alone and in yellow in the case of the ILRs. Samples that Most of the supports burned without any IL (12 of 16 in total) are clustered together, as well as samples that were burned with ethanol (14 from 16). However, samples that were burned with diesel and paraffin are grouped in the same clusters. Diesel and paraffin are both heavy petroleum distillates so they have similar chemical composition, therefore they should provide similar related compounds to the ILR. Samples burned with gasoline are divided in two different clusters. These two groups of samples burned with gasoline as well as some of the misclassified samples seem to be related to the type of substrate used for burning and not to the IL used since all the cork and wood samples are clustered together regardless the IL. Although a full separation of the samples was not obtained, the results from this non-supervised technique suggest that the TIC chromatograms could be used to detect ILRs in fire debris or even to identify the ILRs.
During the LDA, 60% of the samples were randomly chosen as a calibration set and the remaining 40% of the samples were used to validate the model. Stepwise method for the LDA was applied. A full classification between the two groups of samples was achieved (100%), first during the model development process, and later during the validation step. The score plot with all of the samples is represented in Figure 2 . Samples that were used to calibrate the model were represented in blue in the case of the substrates burned alone and in yellow in the case of the ILRs. Samples that were used to validate the model were represented in a circle blue in the case of the supports burned alone and in a were used to validate the model were represented in a circle blue in the case of the supports burned alone and in a circle yellow in ILRs. A full discrimination between the two classes was obtained in the case of the calibration samples, as well as in the validation samples. Fisher's linear discriminant functions were extracted from the LDA. A total of eight retention times showed a high contribution to those discriminant functions. Based on the selected retention times, average intensities for each retention time in the two groups were calculated and normalized to the maximum intensity inside of each group. In this way, two different fingerprints were generated (Figure 3) , allowing for the discrimination between samples that were burned with IL and samples burned without IL. Therefore, the HS-GC-IMS based method can be used for the detection of ILR in fire debris. Next, based on the results from the HCA, additional chemometric work was developed trying to discriminate between the different types of ILRs in the samples. A new LDA was carried out, but only using the samples that were burned with IL using again average retention times. Four groups were stablished (one for each kind of ILRs): gasoline (Gas_ILR), diesel (Die_ILR), ethanol (Et_ILR), and paraffin (Par_ILR). Cross-validation method (leave one out) and stepwise method was selected in the LDA. As shown in Table 1 , a 98.4% of correct classification in the calibration set and a 98.4% for the cross-validated set was obtained. Fisher's linear discriminant functions were extracted from the LDA. A total of eight retention times showed a high contribution to those discriminant functions. Based on the selected retention times, average intensities for each retention time in the two groups were calculated and normalized to the maximum intensity inside of each group. In this way, two different fingerprints were generated (Figure 3) , allowing for the discrimination between samples that were burned with IL and samples burned without IL. Therefore, the HS-GC-IMS based method can be used for the detection of ILR in fire debris. were used to validate the model were represented in a circle blue in the case of the supports burned alone and in a circle yellow in ILRs. A full discrimination between the two classes was obtained in the case of the calibration samples, as well as in the validation samples. Fisher's linear discriminant functions were extracted from the LDA. A total of eight retention times showed a high contribution to those discriminant functions. Based on the selected retention times, average intensities for each retention time in the two groups were calculated and normalized to the maximum intensity inside of each group. In this way, two different fingerprints were generated (Figure 3) , allowing for the discrimination between samples that were burned with IL and samples burned without IL. Therefore, the HS-GC-IMS based method can be used for the detection of ILR in fire debris. Next, based on the results from the HCA, additional chemometric work was developed trying to discriminate between the different types of ILRs in the samples. A new LDA was carried out, but only using the samples that were burned with IL using again average retention times. Four groups were stablished (one for each kind of ILRs): gasoline (Gas_ILR), diesel (Die_ILR), ethanol (Et_ILR), and paraffin (Par_ILR). Cross-validation method (leave one out) and stepwise method was selected in the LDA. As shown in Table 1 , a 98.4% of correct classification in the calibration set and a 98.4% for the cross-validated set was obtained. Next, based on the results from the HCA, additional chemometric work was developed trying to discriminate between the different types of ILRs in the samples. A new LDA was carried out, but only using the samples that were burned with IL using again average retention times. Four groups were stablished (one for each kind of ILRs): gasoline (Gas_ILR), diesel (Die_ILR), ethanol (Et_ILR), and paraffin (Par_ILR). Cross-validation method (leave one out) and stepwise method was selected in the LDA. As shown in Table 1 , a 98.4% of correct classification in the calibration set and a 98.4% for the cross-validated set was obtained. It can be observed that all misclassification occurs between groups of diesel and paraffin. During the model development, a sample burned with diesel was classified as sample burned with paraffin. Later, during the cross validation step, one sample burned with diesel was classified as being burned with paraffin again.
The score plot for all of the fire samples when using the three discriminant functions (FC1, FC2, and FC3) is displayed in Figure 4 . It can be seen that, although they are not overlapped samples with diesel ILRs and paraffin, ILRs fell relatively close. As it was explained before, diesel and paraffin are chemically more similar in comparison to the other IL used in this study. FC3 is the function that shows higher influence for the discrimination between these two groups, while FC1 allows for the discrimination among samples that were burned with gasoline, with ethanol and the rest. Therefore, using the chromatographic data from the HS-GC-IMS, identifying the ILR in the fire debris is possible. However, a larger data set of fire debris samples would be needed to keep testing this novel technique, including several additional IL to follow the classification by the ASTM E1618. It can be observed that all misclassification occurs between groups of diesel and paraffin. During the model development, a sample burned with diesel was classified as sample burned with paraffin. Later, during the cross validation step, one sample burned with diesel was classified as being burned with paraffin again. The score plot for all of the fire samples when using the three discriminant functions (FC1, FC2, and FC3) is displayed in Figure 4 . It can be seen that, although they are not overlapped samples with diesel ILRs and paraffin, ILRs fell relatively close. As it was explained before, diesel and paraffin are chemically more similar in comparison to the other IL used in this study. FC3 is the function that shows higher influence for the discrimination between these two groups, while FC1 allows for the discrimination among samples that were burned with gasoline, with ethanol and the rest. Therefore, 
Conclusions
It has been demonstrated that the results from the fire debris analysis by HS-GC-IMS allows for the detection of ILR in the samples. The four ILs that were used in this study can be detected in the fire debris samples using chemometric tools without sample preparation and in 15 min.
Chemometric analysis of the HS-GC-IMS results also allows for the identification of the IL used among gasoline, diesel, paraffin, and ethanol with high reliability (98% good classification results).
Based on these results, HS-GC-IMS can be considered as a new promising tool in fire debris analyses. Besides, this technique has several advantages in comparison to traditional methods since HS-GC-IMS is a green technique (solvents are not required), fast, easy to use, and there are portable devices so the analyses could be applied at the fire scene. 
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